We study strongly interacting ultracold spin-1/2 fermions in a honeycomb lattice in the presence of a harmonic trap. Tuning the strength of the harmonic trap we show that it is possible to confine the fermions in artificial structures reminiscent of graphene nanoflakes in solid state. The confinement on small structures induces magnetic effects which are absent in a large graphene sheet. Increasing the strength of the harmonic potential we are able to induce different magnetic states, such as a Néel-like antiferromagnetic or ferromagnetic states, as well as mixtures of these basic states. The realization of different magnetic patterns is associated with the terminations of the artificial structures, in turn controlled by the confining potential.
The discovery of graphene [1, 2] has generated a new field of research which attracted an unprecedented interest as it combines an almost ideal non-trivial quantum problem with extraordinary mechanical, electronic, thermal, and transport properties [2, 3] . Among the many directions to exploit the potential of graphene, the design of nanoscopic structures, composed by a small number of carbon atoms, holds a huge potential for concrete application [4] . In particular, the ballistic character of the charge transport and the large spin diffusion length of graphene makes it an ideal candidate for spintronic applications [5] . This application seems however limited by the lack of magnetic ordering in large graphene sheets [6] , an obstacle which can be removed by nanostructuring. Magnetism has been indeed predicted to appear at the edges of finite nanoscopic graphene structures when the termination have a zigzag pattern [7, 8] , which emerge as promising candidates for the realization of high-performance spin filters exploiting different physical mechanisms [9] [10] [11] [12] [13] [14] . The magnetic properties of graphene nanoflakes are indeed rich [15, 16] and characterized by a strong competition between short-range antiferromagnetic (AF) and long-range ferromagnetic (FM) correlations along the edges, which allow to manipulate the magnetic ground state by, e.g., electrostatic [15, 17, 18] or chemical doping [9, 11, 19] . While experimental investigations [6, 20, 21] seem to support the theoretical predictions, solid evidence for edge magnetism has been reported only very recently in nanoscopic graphene ribbons in a solution [22] .
In this paper we propose an alternative route to induce edge magnetism in graphene which can be realized in artificial graphene structures of cold atoms in optical lattices [23, 24] . The idea is to engineer an optical lattice with the graphene honeycomb structure [25] [26] [27] in the presence of a strong trapping potential which confines the fermions in a limited portion of the lattice, thus realizing an artificial nanostructure. A schematic illustration of this idea is depicted in Fig. 1 . In what follows we harmonic trap show that this procedure leads to sufficiently well defined artificial edges, characterized by different magnetic patterns. We demonstrate that, by continuously tuning the strength of the trapping potential, and thus the size of the artificial flake, we can switch on and off magnetic phases and induce transitions between magnetic states with different arrangements of the spins. The simple and controlled experimental framework of ultracold atoms would allow to directly test these predictions providing important information for solid-state material design.
We model our artificial structure by a Fermi-Hubbard model with repulsive interactions on a two-dimensional honeycomb lattice
whereĉ † iσ (ĉ iσ ) denotes the creation (annihilation) operator for spin-1/2 fermions andn iσ is the density operator at site i for the two spin states, labelled by σ ∈ {↑, ↓}. n i = σ n iσ is the total density on site i. t denotes the nearest-neighbour tunnelling amplitude, U the on-site repulsion while the chemical potential µ controls the number fermions. V i = V 0 r 2 i is a harmonic trapping potential, with r i = (x i , y i ) the lattice coordinate and r i = |r i |. In our calculations we consider a L = 150 sites lattice with hexagonal shape and zigzag edges whose geometric center, r = (0, 0), coincides with the minimum of the parabolic potential, as shown in the left panel of Fig. 1 .
In the absence of the optical trap, on an infinite honeycomb lattice, this model displays a transition from a Dirac semimetal to an antiferromagnetic insulator at average density of one fermion per site (half-filling) [28] . A metallic state is generally found for any other number of fermions. The critical interaction strength for the onset of magnetism has been estimated to be U c ≃ 3.87t [29] via numerically exact Quantum Monte Carlo simulations of large lattices. On smaller systems with zigzag edges, an AF spin ordering establishes at the boundaries [8, 15, 17] . Importantly, theoretical [15] and experimental [20] evidences suggest that this edge magnetism survives up to room temperature. As expected, AF order is favoured in half-filled systems, for which the Hubbard interaction is more effective in localizing the carriers.
We solve the model using a real-space dynamical meanfield theory (DMFT) [30] [31] [32] [33] approach, which has been previously used to study inhomogeneous systems, such as cold atoms [33] [34] [35] , and nanostructures [36] [37] [38] , including isolated graphene nanoflakes [15] . In the homogeneous case DMFT approximates the lattice self-energy of the interacting many-body problem with a local, momentumindependent, self-energy which, however, retains the full frequency dependence which allows to capture non-trivial quantum correlations characteristic of strongly correlated systems [30] . In order to treat an intrinsically inhomogeneous system and the confinement effects induced by the parabolic potential we need to relax this approximation using real-space DMFT, in which the self-energy remains local but it acquires a dependence on the specific lattice, i.e., Σ ijσ = δ ij Σ iσ .
In order to explore extensively the dependence of parameters we focus on finite artificial flakes, following previous calculations in a solid-state set-up [13, 15] . We borrow from these works the choice to start from the 150-site cluster that we label as 5N (N being the number of edge sites). This cluster contains smaller hexagonal nanoflakes (4N , 3N , ...) with the same symmetry, as well as flakes with different edge termination (bearded), which are shown in Fig. 2(f) , which can all in principle be stabilized by the trapping potential. This allows to prove whether our protocol to confine atoms in effective nanostructures actually works in configurations which have already been tested. In this light we refrain from a detailed comparison with potential realizations with actual coldatom experiments, which we postpone to future research.
As discussed in the following, the electronic distribution and the magnetic ordering of the fermions in the trapping potential depend on the value of the local repulsion, which in cold-atom experiments can easily be controlled via tuning the strength of the optical lattice and the scattering length, when Feshbach renonances are available. We consider two case: U/t = 3.75 and U/t = 11.25. The first value corresponds to a realistic choice for actual graphene, falling in the range where the semimetal/AF insulator transition takes place [28, 29] . The latter is sufficient to put any graphene structure deeply in the Mott state, where the fermions are described as localized spins interacting via a Heisenberg exchange.
We demonstrate our protocol by fixing the total number of fermions to N f = 54, which coincides with the number of sites composing the 3N nanoflake with zigzag edges,. Thus, if the fermions can be trapped in the portion of space corresponding to the 3N flake we would have one fermion per site (half-filling), which is the ideal situation for the onset of AF ordering, at least for a homogeneous system. On the other hand, for our system of 150 sites, the average filling is n = N f /L = 0.36, i.e. a small density which makes interactions marginally effective. Therefore, in the absence of trapping potential we have no magnetic effects and the fermions are spread over the whole system also for large interaction strength.
This non-magnetic state is the starting point to introduce the harmonic potential. Increasing the strength V 0 , we progressively localize the fermions in the central region. This is demonstrated in Figs. 2(a-c) , where we show the map of the local density n i on the whole system. In the absence of the trap we recover a nearly homogeneous system (the small deviation is due to boundary effects) with n i ≈ 0.36 for every site i. Conversely for trapping potential strength V 0 /t = 0.4 the fermions are spatially localized within a reduced region around the center of the trap. The sharpness of the confinement depends on the value of the Coulomb repulsion.
In order to investigate this aspect, in Figs. 2(d,e) we show the radial profile of the local density as a function of the distance from the trap center r = |r| for different values of the trapping potential. In shallow traps (e.g., V 0 /t = 0.1 and V 0 /t = 0.125) the fermion distribution is only weakly affected by the Coulomb repulsion due to the low average local density. As the trap deepens, the fermions tend to leave the boundaries to pack in the central region, and we witness an important effect of the repulsive interaction, which competes with the spatial charge accumulation. This effect is clear at V 0 /t = 0.4. For relatively weak repulsion U/t = 3.75, as in Figs. 2(a,d) , the charge accumulates towards the center of the trap, where we approach the maximum local density allowed by Pauli principle. Therefore, even if the fermions are localized in a region r < ∼ 5, the distribution is not uniform within the confinement region. At U/t = 11.25 instead, as in Figs. 2(c,e) , the fermions are Mott localized, and energetically costly double occupancies n i↑ n i↓ are strongly suppressed throughout the lattice. The tendendcy to reduce double occupancy contrasts the packing of fermions in the center of the trap and favors single occupation n i = 1. In the strongcoupling (Mott) regime, most of the fermions are confined within a region r < ∼ 4.5, characterized by a nearly constant local density of n i ≃ 1, with a sharp drop at this effective boundaries. The competition between the trapping potential and the repulsion results in a smaller structure, almost homogeneously filled, which appears as a promising effective nanoflake. Our results directly reflect the incompressible nature of the Mott insulator, where the configuration with singly-occupied sites is highly favoured and robust with respect to the packing effect of the trapping potential. In contrast, in the weak-and intermediate-coupling regimes the system is a quantum fluid with a finite compressibility, which allows charges to accumulate in the center of the trap.
In Figs. 2(d,e) we denoted by vertical lines the radii corresponding to the edge sites of different hexagonal nanoflakes (5N , 4N , and 3N ) as labelled in Fig. 2(f) . Fig. 2(b) . In this setup, the 3N flake is stable for a wide range of V0/t.
At V 0 /t = 0.4, the sharp edge observed in the strong coupling regime coincides with that of the 3N nanoflake with zigzag edges which we already identified as a promising candidate for the emergence of magnetism because it can a host a half-filled configuration for the chosen total number of particles.
Before probing the magnetic properties of the artificial flake, we introduce a concrete definition of the effective edge r * edge . In Fig. 3 we plot as a function of V 0 /t the estimate of r * edge given by the position where the derivative of the density with respect to the position ∂n/∂r is maximal. Obviouly this definition has a degree of arbitrariness, but we have verified that different criteria provide the same result for large interactions, while some intrinsic ambiguity is present for small interactions. We marked as horizontal lines the positions of the edge sites as in Fig. 2 . Upon increasing V 0 /t the fermionic cloud is attracted towards the center of the trap and its effective size is reduced. The contraction is faster at weak coupling with respect to strong coupling because the Coulomb repulsion acts as internal pressure competing with the trapping potential. Interestingly, in both regimes the system evolves through a series of effective flakes of different sizes. The 3N zigzag-edged flake is the most stable artificial structure, due to the initial choice of N f , and it is realized in a wide range of trapping potential strength.
We are now in the position to test whether the effective nanostructures that we have defined actually support magnetic ordering. Therefore in Fig. 4 we report color maps of the local magnetization along the z-direction S z i = n i↑ − n i↓ for the two values of interaction and three values of trapping potential used in Fig. 1 . Red (blue) indicates a positive (negative) magnetization. Since the honeycomb lattice is bipartite, i.e., it can be divided in two sub-lattices A and B, such that sites of at U/t = 3.75 (a-c) and U/t = 11.25 (d-f) The competition of emergent AF and FM magnetic exchanges allow for different magnetic states, depending on the electronic density distribution determined by V0/t and U/t.
A are only connected with sites of B and viceversa, we can define a perfect AF state when the magnetization of sublattice A is the opposite of that of sublattice B S z iA = ∓ S z iB , while a FM has the same magnetization on the two sublattices. A ferrimagnetic state is characterized by the presence of both a staggered and a uniform magnetization. Obviously, a non-magnetic state has vanishing local magnetic moments S z iA,B ≈ 0. The results in Fig. 4 show a rich landscape of magnetic solutions which depend from the effective radius and the density distribution of the artificial flakes.
The behavior in the strong-coupling regime with the emergence of an effective half-filled 3N nanoflake, is rather clear as shown by our data for U/t = 11.25. For shallow trapping potential the fermion density is low at each site (we remind that n i ≈ 0.36 at V 0 = 0) and the flake is not magnetic (not shown). As the fermions are attracted towards the center of the trap, as in Fig. 4(a,b) , we observe a clear AF pattern in the region of the inner rings, where n i ≈ 1 while in the region where n i ≈ 0.5 (quarter-filling) we find weakly FM islands. In Fig.4(c) we show that increasing V 0 /t leads to a dramatic enhancement of the magnetic moments, which form Néel AF state extended over the whole occupied central region. The character of the magnetic ordering of this halffilled structure is not surprising and it can be easily understood in terms of the strong-coupling limit (U/t ≫ 1) of the Hubbard model, that leads to an effective Heisenberg model with a nearest-neighbor exchange coupling J = 4t 2 /U which leads to an AF ordering on the honeycomb lattice. The magnetic response confirms the formation, in the strong-coupling regime, of a well-defined effective flake, with properties reminiscent of an isolated graphene nanoflake, and proves that a simple change of the trapping potential can induce a magnetic state.
At intermediate interaction (e.g., for U/t = 3.75) the evolution of the magnetic properties in Fig 4(d-f) is more peculiar, as a result of aless pronounced tendency towards the formation of magnetic moments and the more ambiguous definition of an artificial edges. For shallow traps the fermions are spread over the system reducing the effectiveness of the local interaction. For small trapping potential the results are not too different from the strong-coupling results except for the reduced magnetic moments. For deeper traps the packing towards the center leads to densities approaching 2 in the center of the trap which kills the tendency towards AF order, leaving the stage to FM ordering which follows a non-trivial evolution as a function of V 0 t. This scenario highlights the strong competition between AF and FM correlations.
As long as the AF order at the center of the trap is favored, the outer FM islands also display a long-range AF pattern between neighboring edges as shown in Fig. 4(d) . This suggests the emergence of long-range AF correlations between FM domains at distances d AF ≈ 5r, mediated by the short-range (i.e., d AF = r) Heisenberg exchange. Once the inner region becomes non-magnetic (Fig.  4(e) ), also the long-range AF correlations are washed away, and the FM islands have the same spin polarization due to a residual FM exchange. Eventually at larger V 0 the fermions are confined within a 3N flake. This situation is shown in Fig. 4(f) for V 0 /t = 0.4. However, in this regime, the Coulomb repulsion is not strong enough to prevent the fermions to accumulate towards the center of the trap. This nanoflake is found to be in a mixed configuration between a ferro-and a ferrimagnetic state, where the zigzag egdes exhibit short-range AF order, but the flake is characterized by a net uncompensated magnetic moment.
The representaive results we have shown demonstrate that tuning the trapping potential and the interaction strenght we can induce magnetism or change completely its nature. For example if we change the interaction strenght at fixed V 0 /t = 0.4 we induce a transition between a FM and AF states (panels (c) and (f) of Fig. 4 ).
In conclusion, we have shown that a trapping potential can induce a variety of magnetic phases in an otherwise non-magnetic honeycomb lattice. In particular, a parabolic potential can be used to trap the fermions in artificial nanoflakes, which inherits the properties that have been widely studied in a solid-state framework. The trapping is most effective for strong fermion-fermion repulsion, underlining the important effect of interactions in the realization of well-defined artificial edges. Our work shows a novel route to induce magnetism in artificial graphene nanostructures, and it is expected to be robust with respect to details of the system, i.e., actual size and number of fermions as long as the interactions can be made sufficiently strong to reach the Mott regime. Even when it is difficult to establish a direct correspondence with solid-state systems, because the trapping leads to strongly inhomogeneous density distributions, this favor the competition between FM and AF tendencies. This leads to a tunable system evolving from a weak antiferromagnet to a ferromagnet. The magnetic ordering is also expected to be coupled to transport, whereas spin transport is highly nontrivial. The possibility to induce different magnetic states could be exploited to investigate of spin-filter [13] and spin-valve effects, within transport experiment in optical lattices [39, 40] .
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